Abstract: For a Hanbury Brown and Twiss system, second-order intensity-correlated imaging through the scattering medium is studied based on a new reconstruction algorithm. The analytical results, which are backed up by numerical simulation and experiments, demonstrate that the imaging quality decreases with the increase of the distance between the object and the scattering medium. Additionally, the new reconstruction algorithm is utilized to decrease the sampling number and improve the imaging efficiency.
Introduction
Correlated imaging is an imaging technique that reconstructs an unknown object by measuring the second-order correlation between two light fields [1] - [6] . There are mainly two imaging modes for correlated imaging: ghost imaging and ghost diffraction. For both the two imaging modes, sampling number is a major factor that influences the imaging quality. How to get high-quality image with fewer samples is a very important topic in correlated imaging. In recent years, compressive sampling (CS), as an advanced image reconstruction algorithm, has been applied to ghost imaging, which can decrease the sampling number effectively [7] , [8] . However, the image reconstruction is complicated and time-consuming.
For a realistic imaging system, imaging quality is also easily influenced by various environmental factors. It has been demonstrated that the effect of atmospheric turbulence, or scattering medium on the imaging quality of ghost imaging can be minimized to some extent [9] - [16] . In addition, ghost diffraction can overcome the influence of relative motion between the object and the detection system on the imaging resolution, and motion de-blurring is also demonstrated to be effective in a Hanbury Brown and Twiss (HBT) system [17] , [18] . However, the influences of scattering on the imaging qualities of both ghost diffraction and the HBT system are not explored. Fig. 1 . The schematic of the experiment. CCD: charge-coupled device camera. The rotating ground glass is driven by a stepper motor. The iris, which is placed in front of the rotating ground glass, can continuously change the diameter of the laser beam from 1 to 12 mm. ξ, x 1 , x 2 , η are the transverse coordinates at the source plane, the object plane, the scattering plane, and the detection plane, respectively.
Compared with ghost diffraction, the structure of the HBT is simpler, and it has a higher precision in optical measurements [19] . Here we investigate the effect of the scattering medium on secondorder intensity-correlated imaging in an HBT system. Meanwhile, a new reconstruction algorithm is proposed to decrease the sampling number and improve the imaging efficiency.
The paper is organized as follows. In Section 2, we theoretically analyze the influence of the scattering medium on second-order intensity-correlated imaging in an HBT system. In Section 3, a new reconstruction algorithm is proposed to decrease the sampling number and improve the imaging efficiency. In Section 4, using the new reconstruction algorithm, we give the numerical simulation and experimental results of second-order intensity-correlated imaging through the scattering medium in an HBT system. In Section 5, the summary is given.
Experimental Setup and Theoretical Analysis
The experimental schematic of second-order intensity-correlated imaging through the scattering medium is shown in Fig. 1 . The pseudo-thermal light source is generated by passing a laser beam (the wavelength λ = 532 nm ) through a rotating ground glass disk [5] , [18] . The light field propagates a distance z 1 and then goes through an object. A random phase screen (a 2-mm-thick one-side frosted glass) acts as the scattering medium [20] , [21] , which is located at a distance z 2 behind the object. The light field transmitted through the scattering medium is recorded by a CCD camera. The distance between the scattering medium and the detection plane is z 3 .
According to optical coherence theory, we can obtain the second-order correlation function on the detection plane [4] :
where · denotes the ensemble average of a function, G (1,1) (ξ 1 , ξ 2 ) is the first-order correlation function on the source plane, h 1 (ξ 1 , η 1 ) is the impulse response function between the source plane and the detection plane, and h * 2 (ξ 2 , η 2 ) denotes the phase conjugate of the impulse response function between the two planes.
Assuming that the light field on the ground glass plane is fully spatially incoherent and the intensity distribution is uniform as a constant intensity I 0 , then
where δ(x) is the Dirac delta function.
For the schematic shown in Fig. 1 , under the paraxial approximation, the impulse response function h (ξ, η) between the source plane and the detection plane can be expressed as
where k = 2π/λ, T (x 1 ) denotes the transmission function of the object, and φ(x 2 ) represents the phase shift of the random phase screen. According to the statistical property of the random phase screen, we can get the spatial autocorrelation function [22] (
where σ 2 is the variance of φ, and s is a constant associated with the autocorrelation function of the phase. If the source is large enough, substituting Eqs. (2)- (4) into Eq. (1), the correlation function is
If we set z 2 + z 3 = z and η 2 = 0,
where
F{· · ·} denotes the Fourier transform of a function. From Eqs. (6) and (7), we can see that the distance z 2 has an effective influence on the diffraction pattern obtained by second-order intensitycorrelated imaging with pseudo-thermal light. Due to the presence of the scattering medium, we obtain the Fourier transform of a new function f (x 2 ) rather than the object transmittance function T (x 1 ). It is reasonable to consider f (x 2 ) as a new object function, which is related closely with the original object transmittance function T (x 1 ).
Reconstruction Algorithm
Before presenting the results of second-order intensity-correlated imaging through the scattering medium, we propose a new reconstruction algorithm to decrease the sampling number. For the schematic shown in Fig. 1 , the diffraction pattern can be obtained by calculating the second-order intensity fluctuation correlation function
where K is the total sampling number, I 1m (η 1 ) is the intensity distribution of the mth sample, and I 2m (η 2 ) is the intensity of the central point in the mth sample. If the sampling area recorded by the CCD camera is larger than the effective area occupied by the object's diffraction pattern, more independent measurements can be obtained from a sample by dividing it. Assuming that every sample can be divided to L measurements, Eq. (8) can be rewritten as
where I 1mn (η 1 ) denotes the intensity distribution of the nth measurement in the mth sample, and I 2mn (η 2 ) denotes the the central point intensity of the nth measurement in the mth sample. Eq. (9) is the core formula of the new reconstruction algorithm. Obviously, compared with the conventional algorithm ( Eq. (8) ), more independent measurements can be obtained through the new reconstruction algorithm with available sample number K . That indicates fewer samples may be enough to complete measurements, which can help to shorten the imaging time and improve the imaging efficiency. An experiment based on the schematic shown in Fig. 1 is performed to verify the new reconstruction algorithm described above. The object is a double slit with slit width a = 0.2 mm, center-to-center separation d = 0.5 mm, and slit height h = 2.0 mm. The transmission aperture of the iris is set as D = 2.0 mm, and the distances listed in Fig. 1 are set as follows: z 1 = 120 mm, and z 2 + z 3 = 150 mm. The exposure time window for the CCD camera is set to be 30 ms, and the sampling frequency is 10 Hz. The pixel size of the CCD camera is 3.45 μ m × 3.45 μ m, and the size of the speckle pattern recorded by the CCD camera is 800 × 600 pixels. When no scattering medium exists, based on the diffraction theory, the half width of the single-slit diffraction central bright stripes is T = λ a (z 2 + z 3 ) ≈ 400 μ m (about 115 pixels). Following the definition of Ref. [23] , the spatial transverse coherence length in the detection plane is δx = λ D (z 1 + z 2 + z 3 ) ≈ 72 μm (about 20 pixels). It's obvious that the sampling area is larger than that of the object's diffraction pattern. Therefore, more independent measurements can be obtained from a speckle pattern by dividing it. Fig. 2 illustrates how to divide a speckle pattern in the case of no scattering medium. The size of the first measurement area is 250 × 40 pixels (the upper solid rectangle area), then we obtain another measurement after the solid rectangle area moves rightwards or downwards with a distance nδx. The central point (the red dot) of every measurement area is always restricted to the dashed rectangle area (115 × 600 pixels). After calculation, N x = T/δx ≈ 6, N y = (600 − 40) pixels/20 pixels +1 = 29, and L = N x * N y = 174, namely, 174 measurements can be obtained from a sample. n x = 1, ..., N x and n y = 1, ..., N y represent the horizontal and the vertical coordinates respectively, which determine the central point positions of every measurement. Fig. 3 depicts the results of second-order intensity-correlated imaging based on different reconstruction algorithms described above. (a-c) are the diffraction patterns achieved from the new reconstruction algorithm when the sampling number K is 1, 20, and 40, respectively. For comparison, the diffraction pattern obtained from the conventional reconstruction algorithm is shown in (d). It's obvious that the diffraction pattern (a) has a poor quality, while (b) and (c) are nearly the same as (d). To get a better view, the normalized intensity distributions corresponding to (a-d) are shown in (e). From Fig. 3 , we can see that the diffraction patterns obtained from the new reconstruction algorithm are quickly convergent to that achieved from the conventional reconstruction algorithm. Therefore, we only need dozens of speckle patterns to complete sampling and obtain the diffraction pattern with high quality, and then the new reconstruction algorithm is applied to the simulation and the experimental process in Section 4.
Simulation and Experimental Results
In order to investigate the influence of the scattering medium on second-order intensity-correlated imaging, the numerical simulation and experimental results with different positions of the scattering medium are shown in Figs. 4 and 5, respectively. For comparison, the results in the case of no scattering medium are also shown in the figures. The distance z 1 and the object are the same as that in Section 3. Fig. 4(a) represents the numerical simulation results of different z 2 when z 2 + z 3 is fixed to 150 mm. Obviously, the high frequency decreases and moves toward the center as the scattering medium moves far away from the double slit. Combined with the analytical results (Eqs. (6)- (7)), we must make it clear that it is z 2 , z 3 or both the two, that influences the diffraction pattern. Accordingly, Fig. 4(b) further demonstrates numerical simulation results of different z 2 when z 3 is fixed to 150 mm. It is observed that the high frequency moves more slowly toward the center as z 2 increases compared with the case of Fig. 4(a) . The experimental results corresponding to The results above show that the double slit information can be retrieved by the second-order intensity correlation at the expense of the imaging quality, which basically depends on the distance between the scattering medium and the double slit. Based on the theoretical analysis in Section 2, the influence of the scattering medium on the imaging quality can be explained as follows: according to the wave optics theory, as the distance between the scattering medium and the double slit increases, the interference effect of the double slit on the scattering plane becomes obvious. It is reasonable to consider that a new extended double slit is formed on the scattering plane, whose slit width can be approximately expressed as a ∝ a + λ a z 2 . When z 3 is fixed to 150 mm, the increase of z 2 leads to the increase of a , thus, as shown in Fig. 4(b) , narrower envelope curve is formed on the basis of the diffraction theory. As a result, the high frequency decreases and moves toward the center. When z 2 + z 3 is fixed to 150 mm, as z 2 increases, the change of a is the same as the case above and the magnification of the diffraction pattern is proportional to z 3 . Therefore, as displayed in Fig. 4(a) , the high frequency decreases and moves faster toward the center compared with the case of Fig. 4(b) . It can be predicted that the high frequency will disappear when z 2 increases to some extent and the diffraction pattern eventually becomes a small circular spot.
Summary
In summary, a new reconstruction algorithm is proposed to obtain the diffraction pattern, which helps to shorten the sampling time and realize fast imaging. Using the new reconstruction algorithm, the diffraction patterns can also be reconstructed with only dozens of samples even if there is scattering medium between the object plane and the detection plane. In addition, both the numerical simulation and experimental results show that the imaging quality decreases as the distance between the object and the scattering medium increases. This work can help to deepen the understanding of the second-order intensity-correlated imaging and will be of great benefit to the application of the correlated imaging through scattering medium.
